There is significant interest in biomass production ranging from government agencies to the private sector, both inside and outside of the traditional production agricultural setting. This interest has led to an increase in the development and production of biomass crops. Much of this effort has focused on specific segments of the process, and more specifically on the mechanics of these individual segments. From a review of the scientific literature, it is seen that little effort has been put into identifying, classifying, and preventing safety hazards in on-farm biomass production systems. This article describes the current status of the knowledge pertaining to health and safety factors of biomass production and storage in the U.S. and identifies areas of standards development that the biomass industry needs from the agricultural safety and health community. 
of its total energy from biomass, according to the U.S. Energy Information Administration (U.S. EIA, 2013) . This represented a 47% increase in biomass energy production since 2000. About half of current U.S. biomass consumption comes from forest and crop residues and half from fuel ethanol. As of 2011, biomass crops accounted for 49% of renewable energy produced in the U.S.
Energy crops grown and processed in the U.S. can be categorized into woody biomass, crop residues, and grasses. Woody biomass can be residue harvested following or as part of a logging operation or woody materials planted specifically for energy production. Crop residues are recovered either during or following agricultural commodity crop harvest. Dedicated energy crops are planted and harvested specifically for the biomass. Biomass is left loose, chopped, pelleted, or baled to ease transportation, processing, and combustion, as described by Williams et al. (2008) . While there is potential for many crops to be used for biomass production, there are several dedicated energy crops in the northeastern U.S. that provide "maximum potential for the region's widespread abandoned and marginal lands" (NEWBio, 2013) .
The Northeast Woody/Warm-season Biomass Consortium (NEWBio) focuses on three perennial energy crops that are well-suited to the environment in the northeastern U.S. These crops are willow (Salix sp.), switchgrass (Panicum virgatum), and miscanthus (Miscanthus × giganteus). Willow is a short-rotation woody crop, while switchgrass and miscanthus are warm-season perennial grasses, as described in the NEWBio literature (NEWBio, 2013) .
A significant benefit of using willow, switchgrass, and miscanthus is that these crops grow productively on marginal land. Marginal land is land that has limitations for sustained application for crop production. Even when increased inputs are used, minimal benefits are generally seen with food crops on marginal land (FAO, 1999) . Marginal land is readily available in the northeast region of the U.S., with over 2.8 million ha of unused low-cost agricultural land and 0.5 million ha of recovered mine land available, according to the NEWBio Project Proposal (NEWBio, 2011) . Marginal land cannot sustainably support conventional commodity crops, but it may be suited to the production of dedicated energy crops. Figure 1 illustrates the NEWBio partner institutions (stars), regional demonstration sites (circles), and approximate locations of idle lands (brown), croplands that could become available due to increases in crop yield (green), and mining lands (red). Each dot represents 2,000 acres, according to the NEWBio Project Proposal (NEWBio, 2011) .
A systematic review of national and international literature regarding biomass systems has been conducted to identify processes where hazards could be present. This hazard identification is for on-farm biomass production, storage, and transport of these biomass crops. On-farm production may include some processing steps to densify the crop, but large, industrial-scale systems are not considered in this article. Biomass systems growing willow, switchgrass, and miscanthus and similar woody and warm-season grass crops were reviewed. The stages of field preparation, planting, crop maintenance, harvest, transport, processing, and storage were examined. Using information from the biomass industry and other agricultural industries with similar processes and equipment, a list of possible health and safety hazards was compiled.
Many marginal lands are typical croplands that have relatively low or negative commodity crop profitability because of poor soils, drainage, or other factors. These marginal 20(4): 283-299 285 lands may not have severe topography but are marginal because of soil conditions. Other lands are marginal because of topography, proximity to waterways, presence of rock outcroppings, and other production hazards. The use of some marginal lands for crop production presents several difficulties from an agricultural safety perspective. Depending on the location of the land, these may include planting and harvesting on slopes, or operating equipment in less than ideal weather conditions, including frozen snow-covered ground and wet or muddy fields. In addition, because of the marginal condition of the land, operators must be vigilant to avoid rocks and other hazards in the fields.
Biomass Production Systems
It is important to understand the processes and equipment involved in biomass production to identify the potential safety and health hazards associated with the production of willow, switchgrass, and miscanthus crops, as well as other biomass crops. The production process from field preparation to storage was examined for each crop, and the equipment used was identified. The information gathered was then compiled in table 1. This table subdivides the biomass production system into four categories. Each of these categories represents a specific stage of biomass production and includes a unique set of equipment used in that process. It is important to note that while each production segment uses different equipment, all stages involve transporting equipment on public roads as well as in the fields. Table 1 identifies the most common equipment used in biomass production for the three crops in this study. This is not a comprehensive table, as similar equipment could be substituted for equipment listed in the table. However, the equipment used for these processes will be similar and will present similar safety hazards and injury incident potential. All three crops include the option of either baling the biomass material or chopping/chipping the crop during or following harvest. Based on observations, switchgrass and miscanthus are most commonly baled, while willow is generally chipped during harvest using a modified forage harvester or a machine custom-built for this purpose.
In table 1, the equipment used is arranged by process and crop. Each column represents a crop, followed by a list of the equipment used for production and processing of that crop. Many of the same types of equipment are used for various crops. For example, tractors are used in various stages for all three crops. More specialized types of equipment, such as the modified forage harvesters used for short-rotation woody crops, may only be used in one type of crop.
There are some processes that have machines unique to biomass operations. Most of the unique machines are associated with short-rotation woody crops like willow. These woody crops fall between a typical agricultural crop and a forestry crop. Small shoots are planted to start the plantation, and the crop is harvested after three or four years of growth, when the woody stem is larger than a typical annual agricultural crop. The planting and harvesting equipment is therefore unique for these woody crops.
All of the various processes involving different equipment present unique hazards. Many of these processes are similar to those used in many other production agriculture operations in the U.S., and the hazards associated with the use of this equipment have been studied. However, the use of this equipment in on-farm biomass production involves several issues that could create the opportunity for increased or different injury incidents. Additionally, other hazards may be unique or increased in prevalence for on-farm biomass production systems, as noted below.
Presented below are potential hazards that may be unique or more prevalent to onfarm biomass production systems (Gunderson, 2013) . While these hazards exist for other farm activities, they may become more widespread because of the volume of biomass produced. Fire hazards:
• Crops are harvested when very dry, producing fine, dry dust.
• Large areas of dry, standing crop before and during harvest.
• Storage of harvested crops that are not at proper moisture content for storage.
• Large piles of dry stored materials. Respiratory hazards:
• Stored material may harbor molds and fungus.
• Stored material may harbor rodents or other animals that produce fecal material.
• Nuisance dusts such as soil and fiber material. Machinery hazards:
• Thrown objects from aggressive harvesting machinery used on woody biomass.
• Aggressive cutting edges and speeds on harvesting machinery.
• Slipping on equipment ladders and steps during wet or snowy weather.
• Machinery sliding because of use on wet or snowy fields.
• Large or oversized equipment traveling on roadways.
• Large amounts of heavy material are handled during storage and transportation. Marginal land hazards:
• Sliding or overturns when operating on steep slopes.
• Overturns from operating too close to waterways, ditches, or rock outcroppings.
• Retrieval of heavy equipment stuck because of wet or slippery conditions.
Biomass Production Injuries Literature Search
Once a basic level of understanding of on-farm biomass production was achieved, a literature search of both international and domestic literature was conducted.
International Literature Search
One area of focus in the NEWBio research has been to learn from work already done in countries and areas with established biomass production and processing systems. After researching, it was found that the European Union (EU) and particularly Western Europe have a large and well-established biomass production system with a research system in place, as described by Venendaal et al. (1997) . Research in this area began by searching for biomass production information in the EU. Significant research has been done in Europe on using biomass and energy crops to produce energy. Several countries have wellestablished biomass systems that have been running for several years. A systematic search was completed using the terms included in references and the Google search engine. Each link, document, and presentation that had applicable material was read and searched for information pertaining to biomass logistics and safety on farms and during transport. Any possible contacts were kept and stored in case further contact was needed. Following the web search, several sources in a biomass hub in northern Spain were identified and contacted to get more information regarding biomass logistics.
To determine what safety issues might be present, a representative of CENER (Centro Nacionale de Energias Renovables), a biomass research center in Navarra, Spain, was contacted and interviewed on-site by the fifth author. A tour of the plant was offered, and all safety questions were answered. In addition, a list of possible sources on safety in the biomass industry was obtained. The visit to CENER was beneficial on several levels. It provided an opportunity to view a biomass system that has been well-established for several years and gain an understanding of how that system was designed. A better sense of the safety hazards that CENER has encountered in biomass production and the risks that biomass poses was also obtained. The logistical difficulties of biomass use, and how power plants in northern Spain deal with these problems through careful collaboration with partners to ensure a consistent supply of biomass, were also discussed (D. Sánchez, personal communication, 3 January 2013) .
A publication of the International Energy Agency (IEA) Bioenergy Task32 task force covers health and safety aspects of solid biomass storage, transportation, and feeding (IEA Bioenergy, 2013) . This publication focuses primarily on wood chips and wood pellets and includes fire, dust explosion, respiratory, and harvest hazards. Harvest hazards covered are related to large forestry operations, while other hazards are related to large industrial processing operations. The transport of straw is covered briefly; on-farm hazards of dedicated biomass crops are not covered.
The results of the international research revealed that countries with established biomass systems have not researched on-farm safety hazards unique to the biomass industry nor developed any specific programs to address safety in any areas of the biomass industry. The publication mentioned above documents practices at current large-scale biomass operations that are based on experiences at these large heat or power plants. Researchbased safety information on the agricultural production side does not appear to exist. Several common hazards, such as fires in storage, dust explosions, and falls, have been identified, but little research has been done to mitigate these hazards, as detailed by the Combustion Engineering Association (CEA, 2011). However, European processing facilities separate storage areas from combustion areas in order to prevent fires and firespread (D. Sánchez, personal communication, 3 January 2013) . No international safety protocols were found that addressed farm-level biomass production.
U.S. Literature Search
Following the search done on biomass safety on an international scale, a search was completed for safety information in the U.S. This was completed using three sources: the Google search engine, the Penn State University Library database search engine, and the 20(4): 283-299 289 ASABE Technical Library. The Penn State University Library database search engine searches Agricola, Biological Abstracts, and many other databases. This search engine, called Summon, is licensed from Serials Solutions and provides a single gateway to search the extensive electronic resources of the libraries. Thirty papers were identified, read, and examined, and the most pertinent papers are summarized below.
Biomass Storage and Handling: Status and Industry Needs is an ASABE annual meeting presentation that provides a summary of the current status of the biomass industry (Williams et al., 2008) . This paper covers the growth in the use of biofuels, types of biomass being used for fuel, forms of biomass, and types of storage systems used. The paper also addresses the pelletization of biomass and transport of biomass within a processing facility. The paper does not address potential safety issues, nor does it mention the terms "safety," "health," "hazard," "risk," "accident," or "injury." When addressing and summarizing industry needs, the paper focuses on engineering challenges but does not mention any need for safety standards or research.
Terminology and Definitions for Biomass Production, Harvesting and Collection, Storage, Processing, Conversion, and Utilization was published as an ASABE Standard in January 2011 (ASABE, 2011) . The purpose of the standard was to include "all the terminologies that are used in biomass feedstock production, harvesting, collecting, handling, storage, preprocessing and conversion, bioenergy, biofuels, biopower, and biobased products." This was done to provide uniform definitions and terms that could be used in biomass production. There is no mention of the terms "safety," "health," "hazard," "risk," "accident," or "injury" within the standard. The standard does not address any terms that relate directly to biomass safety.
A Review on Biomass Classification and Composition, Co-firing Issues, and Pretreatment Methods is an ASABE annual meeting presentation (Tumuluru et al., 2011) . This paper addresses the state of the biomass industry and the possibility of co-firing biomass with coal. Specifically, the paper examines the costs of adapting current coal plants to co-firing, feedstock constraints, logistical issues, and methods for preprocessing biomass material. The paper mentions health and safety risks three times in passing, in reference to technical considerations, conveying biomass fuel, and the potential for dust explosions from biomass ash. The paper does not specifically address any safety issues during biomass production or processing. While the equipment used for extrusion and compaction is discussed, safety is not discussed.
A Technical Review on Biomass Processing: Densification, Preprocessing, Modeling, and Optimization is an ASABE annual meeting presentation (Tumuluru et al., 2010) . This paper focuses on increasing the density of biomass materials to increase their application for fuel production. The paper covers methods for densifying biomass material as well as the potential effects on the material due to increasing its density. There is no mention of the terms "safety," "health," "hazard," "risk," "accident," or "injury."
Engineering Factors for Biomass Baler Design is an ASABE annual meeting presentation (Lanning et al., 2007) . This paper addresses the possibility of baling urban biomass using a biomass baler. Most of the paper focuses on the engineering issues and constraints associated with biomass balers. However, the paper also mentions the significant safety risks from biomass bales falling due to being stacked in piles. The paper contains no mention of the terms "health," "hazard," "accident," or "injury."
Shear Processing of Wood Chips into Feedstock Particles is an ASABE annual meeting presentation (Lanning et al., 2012) . This paper focuses on processing cellulosic bio-mass into small particles to be used for fuel. A study is done of the process of chipping the biomass using a rotary shearhead. The paper addresses the hazards of using a rotary shearhead and the potential for entanglement of loose clothing or fingers. The paper includes the terms "safety," "health," and "hazard." The paper also addresses engineering controls that can be used to reduce the risk of entanglement.
Bioenergy Plant Precautions is a magazine article published in the March 2013 issue of Biomass Magazine (Simet, 2013) . This article focuses on several safety hazards present in biofuel plants. These include fires due to biomass overheating, electrical hazards, dust explosions, and equipment overheating. This article includes the terms "health," "safety," "hazard," "risk," and "accident."
Following the literature review, the information gathered was compiled. Each search term was recorded. No publications were found that specifically addressed the range of hazards associated with the planting, production, and preprocessing of biomass.
Recent papers or articles published by ASABE on the topic of biomass include publications comparing forage equipment used to process short-rotation woody crops (Savoie et al., 2013b) , particle size measurement of specific biomass species (Savoie et al., 2013a) , torrefaction of biomass (Wei et al., 2013) , spectroscopy (Williams et al., 2013) , and energy requirements for cutting biomass (Maughan et al., 2013) . None of these papers or others found with the search terms "biomass," "switchgrass," "miscanthus," or "willow" included safety issues.
Tracking Injuries in Biomass Production Systems
The current literature does not appear to group injuries related to biomass systems by industry codes or other methods to easily identify the cases. There are several possible reasons for this. With all the different sources of biomass, the industry classifications are segmented over several different industries. In the North American Industry Classification System (NAICS), there are several industry codes for biomass crops (U.S. Census Bureau, 2013). For instance, switchgrass and miscanthus production best fit under NA-ICS 111940: Hay Farming, but short-rotation (less than ten years per cycle) willow production fits under NAICS 111421: Nursery and Tree Production. Yet another biomass feedstock, wood chips, could fit under NAICS 113310: Logging Industry. This leads to segmented injury and illness data that can be difficult to capture, especially for researchers who may not understand all the potential biomass crops. The term "biomass" was added to the NAICS codes in 2012 under NAICS 201117: Biomass Electric Power Generation. Similar codes could be developed for crop production of biomass feedstock. This may clear up some of the confusion; however, for some crops, part of the crop is used for food and/or fiber, and part of the crop is used for biomass energy production. An example of this split usage is harvesting corn grain for feed and corncobs for biomass energy. An injury occurring during crop planting or maintenance will be difficult to categorize when the resulting crop is used for multiple purposes.
Another way of identifying injuries related to biomass production is the Source of Injury and Type of Event codes used by the Bureau of Labor Statistics (BLS) within the industries identified as producing biomass. Both of these codes are part of the BLS Occupational Injury and Illness Classification System (OIICS) (CDC, 2013) . Table 2 Some of these injuries have similar sources and events as production agriculture, but there are also some sources and events that may be unique to biomass production. For example, two types of fires that commonly occur in biomass production systems have been identified by our research. Fires can occur when switchgrass, which has been allowed to dry while still standing in the field, is being mowed and the mowing machinery creates a spark or ignition source. If someone was injured by this event, it would be classified in the box labeled "A" in table 2, at the intersection of the "Fires and Explosions" Type of Event and the "Mowing" Source of Injury. The second type of fire occurs during storage of biomass. Fires can start if biomass is baled and stored at the wrong moisture content. If someone was injured by this event, it would be classified in the box labeled "B" in table 2, at the intersection of the "Fires and Explosions" Type of Event and the "Animal and Plant Byproducts" Source of Injury.
Safety and Health Regulations
Industry codes in biomass production are also important with regard to safety and health regulations. For instance, farms with family labor or with fewer than eleven employees are exempt from federal Occupational Safety and Health Administration (OSHA) regulations. However, if a farm or ranch employs eleven or more workers, most safety and health regulations apply. If a biomass producer of any size processes biomass material, e.g., bags and sells biomass seed or densifies biomass into pellets or briquettes, OSHA may consider this part of the operation as not being production agriculture and can apply all safety and health regulations to that operation even if there is only one non-family employee. This line of reasoning was recently applied to grain drying operations on family farms, as OSHA interpreted the grain drying as a non-farming activity. An OSHA memo dated 28 June 2011 described the reasoning for including this type of post-harvest processing under OSHA requirements even though non-OSHA farms are explicitly exempted from these requirements. The original memo is no longer available on the OSHA website and has been superseded by a memo dated July 29, 2014 (Galassi, 2014) . Efforts were made to reverse the original OSHA interpretation (Johanns, 2013) , and these efforts were successful (Ag and Food Law Blog, 2014) . This is an important issue to continue monitoring, as more farms are participating in "value-added" activities and may unknowingly come under OSHA regulations.
Minimizing Biomass Production Hazards and Risks
William Haddon Jr., an MD and the first administrator of what today is the National Highway Traffic Safety Administration, was a pioneer in highway accident research and prevention. He was among the first to identify that human injury is a problem of excessive energy exchange between humans and material objects (Haddon, 1963) and that engineering strategies are among the most promising strategies for large-scale, long-term reduction of injury and injury severity (Haddon, 1970) . Haddon also recognized that injury events often follow the form of many diseases (Haddon, 1968) , including the time before the onset of the disease (first phase), the time when the disease process is most active (second phase), and the time immediately after the most active disease process (third phase). Finally, he recognized that several factors are involved in vehicle crashes, including drivers, passengers, other vehicles, road surfaces, and bad weather. Haddon suggested 20(4): 283-299 293 combining the phases and factors into a matrix that would help identify opportunities for influencing the end results.
The Haddon matrix was first presented in 1972 (Haddon, 1972) . The matrix is a multiple countermeasure framework that helps identify opportunities to prevent damage to people, the things we use, and the physical environment. These opportunities exist prior to a damaging event, during the most active part of the damaging event, and after the damaging event (Haddon, 1968) . The matrix is adaptable and can be used to organize a rational approach to hazards and risks in many different fields. Some form of the Haddon matrix is referred to in most public health texts on hazards and injury (e.g., Robertson, 1998; Geller, 2001) .
Applying the Haddon matrix to biomass production hazards and risks helps to identify possibilities for preventing, mitigating, and repairing injury to the workers, and damage to the equipment, products, and structures used, and damage to the physical environment that surrounds biomass production. Table 3 identifies a range of ideas for addressing safety and health issues involving farm-level biomass production and storage. This matrix is meant to serve as a basis by which safety and health interventions involving engineering, education, and policy might be considered. The matrix is neither static nor prescriptive; it is a dynamic tool to aid in thinking about actual and possible injury control efforts.
When reading across the matrix, it is important to understand that the opportunities identified within adjacent cells are not correlated with each other. For example, in the Event row, "Fall arrest systems" does not correlate with "Auto-shutoff of overturned equipment" or "Have multiple workers onsite." However, when reading down the matrix, the cells can be considered correlated because they all address opportunities involving either workers, things, or the environment.
A project investigating biomass feedstock production is considering risk-assessment tools for the on-farm biomass industry (Schwab, 2013) . This work investigates the use of a number of different risk-assessment tools common to industrial risk assessment and adapts those tools to on-farm biomass production. The outcome of this research will be one or more risk-assessment tools that can be used for reducing hazards in on-farm biomass production.
Currently, the following topics and risk-assessment tools are under review: hierarchy for actions, frequency and severity, deviation analysis, and fault tree analysis. The initial portion of this work creates a structure of the tasks or steps involved in biomass feedstock production, breaking each task down into small, discernible steps. An example of these steps for the task "Seedbed Preparation" is shown in figure 2. When these small, individual steps have been identified, a risk matrix of severity versus frequency can be made for the identified actions. An example of such a matrix is shown in figure 3 .
Deviation analysis looks at the large number of possible, simultaneously occurring deviations that lead toward an injury. By examining these simultaneous deviations, the relationships between the actions and deviations can be explored. Figure 4 shows an example of this type of analysis.
Another method of looking at events that may lead to injury is fault tree analysis. This method of analysis uses Boolean logic (and/or logic) to combine a series of events that lead to the undesired state of failure or injury ( fig. 5 ).
As these risk-assessment tools are developed and evaluated for application to on-farm biomass production, differences between industrial and farm-based operations become apparent. These tools have been developed for industrial applications, and agricultural production and the on-farm production of biomass will not be a perfect fit for these applications. Farming is a decentralized system of production, contrary to industrial production. Farming often involves family labor and may combine household activities with production activities. As a result, it is often difficult to separate work and home tasks. While biomass production ramps up to larger volumes, some agricultural production methods currently in use may not work for the anticipated large-scale production systems. Documentation of the safety and health hazards of conventional agriculture may not apply to biomass production. For example, the current method of stacking bales for storage may not work, as larger volumes of feedstock are required. An entirely new system of biomass storage may be necessary to replace conventional agricultural storage, and the current knowledge of hazards inherent in bale storage may no longer apply. New research into the safety and health hazards of on-farm biomass production, storage, and transport will be necessary as innovative approaches are tried and brought into practice.
Summary
Following a comprehensive search on safety protocol and information in the biomass production and processing industries, both in the U.S. and internationally, very little evidence was found of analysis or attention devoted to specific issues relating to health and safety in biomass production, processing, and transport. While safety protocols and research have been done on equipment similar to that used in the biomass industry, they are not specific to biomass and do not factor in the unique conditions present in energy crop production. Even in the EU, where biomass production has almost doubled in the last ten years, safety and health appears not to have been a significantly reviewed factor and has not been examined, as gathered from Eurostat (European Commission, 2012) .
With the rapid expansion of biomass production and storage on farms and ranches, now is the time to integrate injury and illness surveillance and prevention programs. Safety and health should be an integral part of the design and use of biomass systems. Implementation of the Haddon matrix and other safety and health management tools is essential throughout the expansion of biomass systems.
In conclusion, the materials presented here represent a beginning for safety and health in biomass production. Future reviews and studies are encouraged to contribute to the body of knowledge related to this important topic, including injury surveillance, identification of unique or modified equipment, processes, and hazards, application of safety and health regulations, and development or extension of safety and health standards.
